INTRODUCTION
The conventional ways to evaluate. the detectability of ECT probes are usually based on some type of Maxwell equations with use of the FEM or BEM method [lJ. Though these approachs can give relatively accurate eddy current field and corresponding impedance, the numerical calculation needs a Iot of computer memory and CPU time. This causes them a drawback in ECT probe optimization procedures. Moreover, probe optimization is not only related tothebest choice of some parameters of a given probe configuration, but the configuration parameters such as the number and arrangement of exciting and pick-up coils also need to be adjusted and modified. Since the numerical method can not give us a clear image to connect the eddy current to the exciting field, the discovery of a new excellent probe is difficult if this approach is not improved.
As weil known, the incident magnetic field represents the effect of the exciting coil. The arrangement of pick-up coil depends on the induced eddy current distribution. Therefore, if we can find a simple relation connecting the external magnetic field to eddy current, the exciting magnetic field then can be used as a distinctive feature of ECT probes which can be useful for the development of a new probe.
In this paper, simplified relations between the external field and eddy current are investigated with numerical experiments. From the numerical results, we found that the eddy current can be determined approximately from the incident magnetic field by a very simple formula in the case without crack. In order to consider the effect of a small surface crack, a ring current model is also proposed to deal with the perturbed eddy current in this work. Using these models, the impedance change due to the presence of crack(signal) and the Iiftoff change(noise) are calculated. Furthermore, the S /N ratio can be obtained. For purpose of demonstrating the proposed feature and approximate model, the detectabilities of several probes under present service were evaluated by this approach. The results agree weil with those calculated by the conventional FEM method. Finally, the applications to probe optimization are discussed.
THE RELATION OF INCIDENT MAGNETIC FIELD AND EDDY CURRENT RelationBasedon The Numerical Results
A hybrid code of FEM-BEM method based on A-if> formulae l 2 l isadoptedas the numerical tool for accurate eddy current analysis. The validity of this code was already proved through a long term of applications. In order to calculate the incident magnetic field produced by an exciting coil with arbitrary shape, the Gauss integration method is employed to integrate the Biot-Savart law. The governing equations of the A -if> method for a AC problern are written as:
where A is the vector potential, j the imaginary unit, w, J-Lo and a the frequency, permeability of air and electric conductivity, respectively. <II is the integral of the conventional scalar potential.
(1) (2) By comparing the numerical results of coils with different parameters acquired by using the above method, we found that the eddy current has a simple relation with incident magnetic field approximately. For the numerical model of Steam Generator(SG) tubing, the following relation exists when the crack or abrupt deformation absents in the conductor plate(tube).
where, the z axis is perpendicular to the center of the conductor surface. Je(x, y, z, t) is the eddy current at a point P(x,y,z) within the conductor, n the normal unit of conductor surface at the point P, B 0 the incident magnetic field. The function z0(w) in equation (3) means that the eddy currents at different layers are assumed with same distribution. This distribution is approximated by the incident field at the fixed layer z = z0(w). The numerical results support this assumption well. Generally, for a low exciting frequency, z0(w) can be taken as the z coordinate of the bottom surface. On the other hand, for a higher frequency, it can be taken as the z value of the top surface. For the frequency widely used under present service, the magnetic field distribution at the layer near the bottom surface seem a good choice for eddy current approximation.
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{a)FEM-BEM hybrid method {b)Present method Fig.1 Eddy current fl.ow due to a horizontal pancake coil. The phase difference <P(x,y,z) in equation (3) has not been determined up to now. Generally speaking, the phase relates to the exciting frequency and the distance. For the ECT model of SG tu hing, the numerical results show that the phase change in thickness direction strongly depends on the exciting frequency, while the phase changes smoothly along the surface. With use of these knowledge, and that the phase changes linearly with a proportional coefficient 1/8 for a conducting half space problem, the phase difference can be expressed in the following form:
where, R is the radius of exciting coil, r the in-plane distance between the field point and the coil center. The constants 0. 75 and 6 were selected to make equation (5) have a minimum difference with the FEM results of SG tubing. Figure 3 shows the phase calculated by FEM and equation ( 4) for a pancake coil. We can find it agree weil in the region near the coil. Since the impedance mainly depends on the eddy current near the pick-up coil, this equation can give a good approximation in impedance calculation if the pick-up coil is close to the exciting ones.
Theoretical Explanation of Equation (3) Equation (3) is proposed based on the numerical results. Here we try to explain its theoretical meaning by neglecting the unimportant terms of a boundary integral governing equation in a given parameter region. The result will show that in a relative high frequency region, the equation (3) can be derived theoretically. An integral equation (6) is a governing equation of the AC eddy current problems 1 4 1. In this equation, the electromagnetic field within a conductor is assumed attenuating more rapidly than that along the surface of the conductor. Therefore, the impedance boundary condition is applicable. For the ECT problern of SG tubing, this assumption is appropriate.
where, the surface current is defined as J. = n x H •. The boundary impedance with r the distance from a surface point to a field point P and
At an enough high frequency region, one can have,
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Generally, if the frequency is not too high, the following relations are satisfied.
Hence, the first and the third terms in integral of equation (6) can be neglected. And Go~ 1/47rr. Therefore, the equation (6) is reduced to:
For a half space geometry, equation (7) can be rewritten as: Where, z axis is parallel to the normal unit n. When the point P is chosen on the conductor surface:
With use of the relation of eddy current and surface current near the surface,
Je= aZ.J.
We can deduce the following results finally:
This result teils us that, at a relative high exciting frequency, the eddy current in a half space can be determined by the exciting magnetic field simply. But for actual problems, the conductor geometry and frequency region are different from what we used in the derivation of equation (11). Therefore, this equation is usually not exactly satisfied for actual ECT problems. In spite of this, it is a good approximation considering the fact that the exciting frequency in SG tubing ECT is as high as several hundreds kHz.
THE IMPEDANCE CHANGE OF A CRACK FREE TUBE
Once the eddy current in a tube is predicted from the incident magnetic field, the impedance of the pick-up coils can be calculated through numerical integration simply. Equation (12) gives an explicit expression connecting the exciting magnetic field to pick-up signal. Based on this equation, the noise signal due to the unexpected Iiftoff change or inclination of a probe can be calculated by subtracting the disturbed pick-up signal from the standard ones.
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where, a 0 is the constant defined previously. / 0 the total current of the pick-up coil, cp the initial phase given in equation (5), r the distance between the source and field points, N the turn number of the pick-up coil.
The equation (12) is valid for a plate geometry. For the tube problem, we only need to change the coordinate system into a cylindrical one.
THE IMPEDANCE CHANGE DUE TO A CRACK
The impedance change due to a crack can be considered as caused by the eddy current perturbation. Through analyzing the perturbed eddy current obtained from numerical experiments, we found the perturbed eddy current has a path like that described in figure 4 (a) for a shallow crack. For eddy current perpendicular to the crack, it is reasonable to simplify them as a bundle of ring currents as shown in figure  4(b) . The centers of thesering currents can be chosen as the bottom side of the crack. The radius can be taken as the crack depth. It is likely that the crack free eddy current density at the position of the ring current center can be taken as the ring current density. But this will result in lower estimation of the impedance change. This is because the actual eddy current perturbation has a relatively !arger region than that occupied by those ring currents we assumed. This effect can be taken into account by introducing a constant ß1 to modify the ring current density. Before When the eddy current is parallel to the crack, the eddy current perturbation due to crack is smaller than that of perpendicular case. It is easy to consider that the pick-up signal due to the parallel eddy current is negligibly small. But in fact , the perturbation of eddy current parallel to the crack may cause as big signals as that of perpendicular eddy current. Therefore, we need to introduce another set of ring currents which areparallel to the crack plane[ figure 4(c) ]. These ring currents are the equivalence of the perturbed eddy current component ie1 flowing under the crack[ figure 4(a) ]. The radius and centers of thesering currents can be chosen as the same values as those of perpendicular case. The current can be estimated from the crack free eddy current Ie1 by multipling another modification constant ß2 and a proportional coefficient 1 = iel/ Iel· For convenience, we define a coefficient a 1 = 1ß2/ ß1 to replace /· a 1 represents the effects of the width/ depth ratio of a crack and the size of exciting coil. This coefficient can also be calibrated by using the known data before hand.
If we write N1 as the number of perpendicular ring currents, N2 as the number of parallel ring currents, the impedance change due to a crack then can be calculated by summarizing the effects of all these ring currents with use of the following formula: (13) Where, for perpendicular ring currents,
For parallel ring currents,
where R~t is the radius of the k-th ring current, ßt the constant mentioned above, St the crack area. 82 the cross section area of crack, </Jl t the phase difference at point (x~t,Ylt,zlt)· a 0 ,zt,zo(w) have the same meanings with those used in equation (3) and (4) . nt, n2 are the unit vectors perpendicular to and along the crack.
Once the signal due to a crack is calculated, together with the noise signal evaluated in the last part, the S /N ratio can be calculated easily. In this case, the constant a 0 is canceled.
NUMERICAL RESULTS
The Scan Signal Over an Axial Crack Absolute values of impedance change of several types of probe have been calculated as a function of coillocations. In order to compare these results with FEM ones, an appropriate a 0 coefficient is chosen to normalize the maximum impedance values. The distribution and the relative bigness of the magnitude of impedance change are close to the results calculated by FEM. This verified the validity of the predicted eddy current distribution and the ring current model. Table 1 shows the S/N ratios of present method and FEM approach for these probes. The biggest error is about 35%. Though the results have some difference with numerical results, the qualitative properties and conclusions are the same. The error of present results is mainly caused by the simplifications in ring current model and phase equation. Of course, the equation (3) also gives some errors.
APPLICATION TO PROBE OPTIMIZATION PROCEDURE
For the probe optimization, this approach can be applied in the following aspects:
1. The perturbation of eddy current due to a crack can be enlarged through increasing the in-plane component of incident magnetic field. 2. To optimize the arrangement of pick-up coil, one can use the distribution of exciting magnetic field directly. The explicit expression connecting the eddy current to exciting magnetic field makes this possible. 3. The dimensional parameters of a probe can be optimized by maximizing the S/N ratio with use of the proposed detectability analysis method iterately.
CONCLUSIONS
Basedon the works presented above, the following conclusions are obtained.
1. The eddy current distribution can be predicted from the incident magnetic field with the proposed formulae approximately. 2. The ring current model is a good approximation of the eddy current perturbation due to a crack. 3. The S/N ratio of liftoff noise can be predicted by this method well.
